Introduction
Surface-active materials like proteins, low molecular weight surfactants and polymeric surfactants adsorb to fluid interfaces, effectively reducing the interfacial tension, and endowing the interface with additional independent material properties such as surface elasticity and viscosity 1, 2 . The dynamic interfacial properties of these adsorbed interfacial layers are important for a number of technological applications including foam and emulsion formation and stabilization in food processing 3, 4 , cosmetics and pharmaceutical industry 4, 5 . The interfacial viscoelasticity also plays an important role in spray coating, Langmuir-Blodgett deposition, liquid-liquid deposition, two phase flows and mass transfer 1, 2 . Multicomponent mixtures of proteins and surfactants are used in many of these applications, and are also commonly found in many biological systems [6] [7] [8] including blood: a mixture of serum albumins along with various other surface-active components 6, 8 . The addition of surfactants to protein solutions can substantially modify the physiochemical properties of the resulting interface 2, 6, [9] [10] [11] . For example, the interfacial shear viscos-Hatsopoulos Microfluids Laboratory, Department of Mechanical Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139 USA. Email: gareth@mit.edu ity (which characterizes resistance to changes in shape at constant area on a two-dimensional interface), is affected by the structure, composition and conformation of the interfacial components of these mixed systems 3, 6, 9, 10, 12 . In this study, we focus on the interfacial and bulk rheology of a proteinsurfactant mixture, using solutions of a model globular protein, Bovine Serum Albumin (BSA), mixed with a non-ionic surfactant polysorbate 80 (or Tween 80 TM ). We specifically choose Bovine serum albumin (BSA) for our study because its physical properties and diverse biological functions are similar to Human serum albumin (HSA) 13, 14 .
When the rheological properties of globular protein solutions such as BSA are tested in a torsional rheometer, they exhibit yield-like behaviour at surprisingly low concentrations (0.03%-10%) [15] [16] [17] [18] [19] [20] , and show pronounced shear thinning at low shear rates. This has been attributed in past studies [15] [16] [17] to the presence of long ranging colloidal forces that are stronger than electrostatic interactions, and which lead to an ordered bulk colloidal structure formation. In a recent paper 20 , we demonstrated that this apparent bulk yield stress and the associated shear thinning rheological response in fact arises from the presence of a viscoelastic layer formed due to protein adsorption at the air-water interface. We used the recently-developed interfacial double wall ring (DWR) 21 fix- ture mounted on a stress-controlled rheometer to carry out a series of interfacial rheological measurements in steady and oscillatory shear. We augmented these measurements with bulk and interface-free microfluidic rheometry data to highlight the strong influence that the interfacial layer has on bulk rheology. A detailed description of the instruments and setup is provided in the methods section. As an example, the shear-rate-dependent steady shear viscosity η DG (γ) for different concentrations of BSA measured in a double gap Couette geometry on a torsional rheometer (filled symbols) and in an interface-free microfluidic capillary viscometer device η ∞ (c) (crossed symbols) is shown in Figure 1 , adapted from Sharma et al. 20 . The total torque measured by the rheometer is the sum of a sub-phase contribution and an interfacial contribution. A simple additive model (shown by the solid line) captures the rate-dependence of the measured bulk viscosity closely. This model treats the adsorbed protein layer as a pure elasto-plastic material that undergoes yielding beyond a critical strain, and for the range of BSA concentrations studied, the interfacial contribution to the stress is dominated by the interfacial yield stress τ y of the viscoelastic layer (which is measured independently using the DWR). The measured bulk viscosity η(γ) can then be written as the sum of the rate-independent Newtonian viscosity of the globular protein solution η ∞ (c) and the con-tribution from the interface as: η DG (γ) = η ∞ (c) + τ sY l DG Gγ (1) Where l DG G is the geometry-dependent length scale of the double gap geometry. For a more detailed derivation and a more extensive background, the interested reader is referred to this work 20 .
Every surface-active material that forms a viscoelastic film at the liquid-air interface can lead to a measurable apparent yielding behavior, as long as the interfacial yield stress (the second term in Equation (1)) is significant. The presence of an apparent yield stress in the bulk rheological measurement is also reported for solutions of ovalbumin 22 , saliva 23 , monoclonal antibodies 24 and acacia gum 25 . In practice, the interfacial contribution from surface-active components in multicomponent fluids can be suppressed by the addition of a low molecular-weight mobile surfactant, which competes with the protein for adsorption onto the interface 2, 11, [26] [27] [28] [29] [30] . The irreversibility of the adsorption, the presence of heterogeneous domains, significant interfacial phase separation at the interface and the sensitivity of the structure of the interfacial layer to the adsorption history make accurate measurements a challenging task 3, 4, 31 . Given these challenges, a simple experimental protocol that provides a check for the presence of surface viscoelasticity and an estimate of its magnitude in protein-surfactant mixtures will be of broad utility.
In this study, we examine the bulk and interfacial rheological response of protein-surfactant mixtures, specifically to evaluate how the addition of a surfactant to a protein solution changes the dynamical properties of the interface. We first review the concept of creep ringing or "free-oscillations" in creep experiments under constant stress. We then show how this inertio-elastic effect impacts interfacial creep measurements performed with the DWR interfacial fixture, and how it can be exploited to make quick and accurate measurements of viscoelastic moduli for Bovine Serum Albumin (BSA) solutions. We compare these measurements with interfacial small amplitude oscillatory strain experiments (SAOS) and then study the effect of adding a non-ionic surfactant (polysorbate 80) to the BSA solutions using the creep-ringing technique.
KCl-0.0027 M; pH 7.4, at 25 • C.), was prepared by dissolving dry PBS powder obtained from Sigma-Aldrich Corp. A weighed quantity of BSA was dissolved in the PBS and the solution was brought up to the required volume in a volumetric flask to finally obtain solutions with a BSA concentration of 50 mg/ml. BSA was weighed in an Excellence XS64 Analytical Balance (Mettler-Toledo AG, Greifensee, Switzerland) with a resolution of 0.1 mg. Mixtures were always prepared in batches of 100 ml, so that the amount of BSA to be weighed was large and the error was reduced (50 mg/ml x 100 ml = 5 g±0.1 mg). In this manner, the uncertainty in weight was only 0.002%. The prepared solutions were stored under refrigeration at 4 • C and were allowed to warm up to room temperature before being used for experiments. All BSA solutions used in this study had a concentration of 50 mg/ml unless otherwise specified, which is the same as the concentration of Human Serum Albumin in human blood 14 .
The surfactant used in this study was polysorbate 80 (Tween 80 TM , P1754, Sigma-Aldrich Corp.). To prepare the proteinsurfactant mixtures, a known amount of polysorbate 80 was weighed and dissolved in PBS. This was then dissolved into a weighed amount of BSA solution to achieve the required concentration. To increase accuracy, solutions with c surf ≤ 10 −3 wt.% were prepared by successive dilution. We chose a nonionic surfactant because additional complications can arise due to complex formation between BSA and ionic surfactant molecules. If there is a favorable interaction between the protein and the surfactant, the protein can adopt a very different conformational state as compared to the native protein 2,6,32 .
Methods
Bulk and interfacial steady shear and oscillatory measurements were performed using a stress-controlled torsional rheometer (TA Instruments AR-G2). Bulk measurements were performed using a double gap (DG) Couette fixture, while interfacial experiments were performed using the double wall ring (DWR) geometry, described in detail by Vandebril at al 21 . The DWR is an annular ring with a diamond cross-section made of a platinum-iridium alloy that sits at the air-liquid or liquid-liquid interface and undergoes in-plane torsional displacements.
When performing interfacial rheology measurements, it is important to understand the relative contributions of the subphase and interfacial flows to the total resistive torque measured by the rheometer. The selective sensitivity of a specific test geometry to interfacial effects, in comparison to the induced sub-phase flow is described by the Boussinesq Number Bo s which is defined as 1 ,
where η s is the interfacial viscosity, V is a characteristic velocity, and L s and L B are characteristic length scales over which the interfacial and bulk flows decay respectively, P s is the perimeter of contact between the geometry and the fluid interface, and A B is the area of contact between the geometry and the underlying fluid sub-phase. The length scale l s is thus critical in determining the sensitivity of a specific test fixture to interfacial effects, and to ensure Bo s ≫ 1 for a wide range of fluids, we require small values for l s . The DWR geometry minimizes the length scale l s by maximizing the wetted perimeter for a given contact area. For example, for the specific DWR fixture used in the present study, we calculate l DWR s = 0.7 mm. By contrast, for a 40 mm diameter 2 • cone, l CP s = 10 mm and for the double gap Couette used in this study, l DG s = 59.5 mm. This makes the DWR especially suited for interfacial rheology compared to other regular geometries like the cone-and-plate or the double gap Couette geometry.
To correct for any torque contributions arising from the induced sub-phase flow, we corrected all of our measurements for non-linearity using the MATLAB script described by Vandebril et al. 21 (kindly provided by Jan Vermant, K.U. Leuven,Belgium), and confirmed that this correction did not make any appreciable difference to the measured data for the range of interfacial properties that characterize the BSA solutions studied here. (see Figure SI .8 of the supplementary information 20 and the discussion therein.) While nearly no sub-phase corrections are required for the data measured using the DWR geometry, in other instruments used for making interfacial measurements with lower characteristic values of the Boussinesq numbers, the sub-phase contributions to the torque must be carefully accounted for (see, for example, the papers by Mannheimer and Schechter 33 and Oh and Slattery 34 . Several studies 3, 4, 31, 35 have noted the long time scales required for adsorbed interfacial layers to reach equilibrium, with Wierenga et al. 35 waiting for as long as 24 hours. This effect is even more pronounced in surfactant-protein mixtures 31, 36 . Based on preliminary time sweep experiments and a consideration of evaporation times, all steady state experiments were performed with a waiting time of around 3 hours. The transient evolution of the surface properties is also discussed briefly in the results section.
Complementary bulk rheological measurements were carried out using a double gap circular Couette (DG) geometry (rotor inner radius = 20.38 mm, rotor outer radius = 21.96 mm, rotor height = 59.5 mm, cup inner radius = 20 mm) attached to the controlled-stress rheometer. To examine the role played by the interface and the effect of added surfactant in bulk rheological measurements, experiments were also performed using an interface-free microfluidic capillary rheometer, (mVROC Viscometer-Rheometer-on-a-chip, manufactured by Rheosense Inc., San Ramon, CA). Specifically, in the present study the Type A05 chipset was used, which con-sists of a rectangular cross-section channel (width w = 3.02 mm; depth d = 50 µm) fabricated from Pyrex, mounted on a gold-coated silicon base containing three flush mounted pressure sensors 37 . The nominal wall shear rate is given byγ w = 6Q/wd 2 where Q is the volume flow rate through the channel. The pressure drop ∆P along the channel is related to the wall shear stress τ w by the force balance wd∆P = 2τ w (w + d)l, where l is the length of the channel. The viscosity is then calculated in the usual manner and is given by η = τ w /γ w . The maximum attainable pressure P max measurable in the mVROC type A05 chip is P max = 14 kPa. The minimum sensitivity of this sensor is 1% full scale, and hence P min = 140 Pa. In calculatingγ w , a parabolic fully-developed profile is assumed within the channel. This is true for a Newtonian fluid, but the velocity profile deviates from parabolic if the fluid used is non-Newtonian. In such a case, the Weissenberg-Rabinowitsch-Mooney (WRM) equation can be used to calculate the true shear rate from the nominal shear rateγ w defined above 37 . We recalculated our data using the WRM equation and the results changed by less than 1%, signifying that the behavior of the BSA-surfactant mixtures in the channel is indeed Newtonian.
Creep Ringing in Bulk Rheology
Inertial effects are almost always unavoidable in controlledstress rheometry, especially in step-stress and impulseresponse experiments 38 . The angular acceleration of the fixture is retarded by the moment of inertia I (units: kg m 2 ) of the spindle of the torsional rheometer, and the attached geometry. The coupling between this moment of inertia and the fluid viscoelasticity is seen in the general equation of motion of the fluid in step-stress experiments 39
Where γ(t) is the strain in the sample, H(t) is the Heaviside step function, τ 0 is the magnitude of the step in the applied stress and τ(t) is the retarding stress exerted by the sample on the fixture. The double over-dot indicates the second derivative with respect to time. The parameter b = F γ /F τ is a combination of geometric factors (units: m 3 ) and is determined by the specific instrument and geometry used. The factors F γ =γ/Ω (dimensionless) and F τ = τ/T (units: m −3 ) are geometric parameters that convert the measured variables of angular velocity Ω and torque T to shear rateγ and shear stress τ respectively. It can instantly be seen from Equation (3) that due to the non-zero inertia of the system, τ(t) = H(t)τ 0 . For a Newtonian fluid with viscosity η, τ(t) = ηγ(t), and in the absence of inertia, the solution to Equation 3 gives the expected linear response γ(t) = (τ 0 /η)t. However, for non-zero inertia, the strain γ(t) is given by
The characteristic time constant for this exponential response is t c = I/bη. At long times t > 3I/bη the expected linear system response is recovered but the strain is retarded by a factor I/bη and γ(t 3) is coupled with a viscoelastic constitutive model, the presence of the inertial term leads to a damped oscillatory response during creep experiments. (See references 39, 40 and the Results section of this paper for the exact form of this strain response). These oscillatory dynamics often cloud the short time creep response and are generally considered undesirable. However, Struik and others have described procedures from which one can extract bulk viscoelastic storage and loss moduli using this 'creepringing' or free oscillation 40, 41 . In the present study, we show how this bulk analysis can also be adapted in order to use creep ringing measurements with the DWR fixture to extract the interfacial viscoelastic properties of an adsorbed protein film. Larsen et al. have observed creep ringing while studying the interfacial properties of a metal oxide film 42 . However, their analysis does not include the coupling of the inertia equation (3) with a viscoelastic model. In this paper, we adapt the bulk creep ringing formulation outlined above to the extraction of interfacial moduli using a three-parameter linear viscoelastic Jeffreys model.
Results and Discussion

Interfacial Creep Ringing Theory
We begin with the equation of motion for the DWR fixture and associated spindle, and derive the interfacial counterpart of Equation 3 to be 43 :
The subscript s denotes a surface or interfacial quantity. For a step-stress or creep experiment, the applied interfacial stress is H(t)τ s 0 , where τ s 0 is the magnitude of the step in the interfacial stress. We note that the interfacial measurement system factor b s = F γ /F τ now has units of m 2 , since the interfacial stress τ s is a force per unit length and has units of N m −1 or Pa m. At long times, the Voigt element attains a steady deformation when loaded under controlled stress conditions and hence the remaining dashpot (η s ) leads to a fluid-like response of the adsorbed protein interface (γ(t) = (τ s 0 /η s )t). Conversely, taking the Kelvin-Voigt model alone, for example, would give a constant strain at long times and hence a solid-like interfacial response. Since we observe a steady-state flow at long times during our interfacial creep experiments (see the next subsection), we use the Jeffreys model to fit our data. Tschoegl 44 provides a detailed discussion on these simple two-and threeparameter models as well as more complex multiparameter models, and the reader is referred there for more information.
For the Jeffreys model, the constitutive equation is,
Equation 6 is then coupled with Equation 5 to obtain the full equation of motion for the DWR fixture
This second order differential equation can be solved explicitly to find the strain as a function of time 39 :
Here, we introduce the factor α s = I/b s (units: kg m 2 /m 2 =kg) for compactness. The viscoelastic storage modulus G ′ s and loss modulus G ′′ s for the Jeffreys model are given respectively by the following expressions 39 is identical to the equation of motion for free oscillations of a standard torsional device, we can readily adapt Struik's formulae to obtain the following expressions for the interfacial viscoelastic moduli:
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where δ is the phase angle, ω * is the ringing frequency (units: rad s −1 ) and ∆ = ln(A n+1 /A n ) is the logarithmic decrement, (with A n being the amplitude of the n th peak or trough). These expressions provide estimates for the linear viscoelastic moduli without the assumption of an underlying model provided the logarithmic decrement ∆ is small, and the instrument compliance and fluid inertia are negligible.
Interfacial Creep Ringing of BSA Solutions
To extract the viscoelastic storage and loss moduli for the BSA solutions, we used the interfacial creep ringing procedure outlined above. Using the Double Wall Ring (DWR) fixture, we measured the strain response as a function of time for different values of interfacial stress τ 0 in creep experiments as shown in Figure 3 . The coupling between surface elasticity and instrument inertia leads to the periodic and exponentially decaying oscillations seen for t ≤ 2 s, expected from Equation 8. Although the amplitude of the oscillations increases with the magnitude of the imposed stress τ s 0 , the frequency of We see that the fit to the Jeffreys model is good at short times, but progressive deviations from linearity are seen for t > 3 s as the total strain accumulated by the interface increases.
To investigate the onset of nonlinearity, small amplitude oscillatory strain sweeps and frequency sweeps with the DWR fixture were also performed and are presented in Figures 5a  and 5b . In Figure 5a , the onset of nonlinear response in the viscoelastic interfacial layer can be seen to occur at a strain amplitude of γ 0 ≈ 2%. For γ 0 ≤ 2%, the interfacial elastic modulus G ′ s is larger than the interfacial loss modulus G ′′ s , indicating that the interfacial layer exhibits viscoelastic solid-like properties at small/moderate strains. The rapid collapse in the magnitude of G ′ s and the dominance of the viscous response G ′′ s for strains beyond γ 0 ∼ 5% is indicative of a yielding process in the interfacial film. We note that the values of G ′ s and G ′′ s obtained from the damped free-oscillation measurements during creep ringing and the value extracted from the fit to the Jeffreys model (Equation 8) agree well with the corresponding SAOS measurements at the appropriate frequency ω * . These values are summarized in Table 1 . From the crossover fre- Table 1 Values of interfacial viscoelastic moduli for 50 mg/ml BSA solutions obtained by the three independent methods described in the text; namely a fit to the linear Jeffreys model (Equations 12 and 13), evaluation of the logarithmic decrement (Equations 14 and 15), and small amplitude oscillatory interfacial shear flow (SAOS, Figure 5 Figure 5b , the relaxation time of the viscoelastic BSA interface was estimated to be λ = 6.5 s. A strong case for using creep ringing observations to estimate the viscoelastic properties of the interfacial film is made from the inertial effects seen for γ 0 > 20% in Figure 5a and for ω > 20 rad s −1 in Figure 5b . The raw phase angle exceeds 170 • for these values of strain and frequency (filled blue triangles), indicating the onset of inertial effects. These can corrupt the experimental data and limit the range of measurable frequencies or strains in a small amplitude oscillatory measurement. Baravian and Quemada 40 have pointed out that creep ringing extends the range of measurable frequencies in a frequency sweep test. Because interfacial creep ringing accounts for, and in fact exploits, the finite moment of inertia of the measurement system, the range of measurable frequencies is extended beyond what is possible in a standard frequency sweep. From Equation 8 , we see that ω * varies inversely with α s , which in turn depends on the geometric factor b s and hence designing appropriate interfacial geometries with smaller val- ues of α s enables one to probe progressively higher frequencies without inertial distortions like those seen in Figure 5 . We note that the local peak in G ′′ s seen in Figure 5a around γ 0 ≈ 2% is unrelated to the onset of inertia.
The interfacial creep compliance J s (t) = γ(t)/τ s 0 for different values of interfacial stress τ s 0 is shown in Figure 6 . For an ideal linear viscoelastic material, the compliance curves will all collapse onto each other. Moreover, for the linear Jeffreys model, the third term in Equation 8 is negligible at long times, and the strain will increase linearly with time. Inspection of Figure 6 shows that neither of these conditions is satisfied for the BSA interface at large strains. While the compliance curves all collapse at short times (in the region where creep ringing is present), they deviate progressively from each other for t ≥ 5 s. Figure 7 shows the strains measured during creep experiments performed at two different stress values on a log-log scale. At long times, the strain response of each curve deviates from linearity to different extents, with interfacial creep compliances given by J s (t)| τ s 0 =2×10 −6 ∼ t 0. ment. A similar asymptotic response can be deduced for any other, more complex arrangement of linear springs and dashpots in parallel. To describe a power-law creep response, a more complex constitutive model containing 'springpot' mechanical elements and incorporating fractional derivatives is required 44, 45 . An examination of the parameter fits obtained from the measured creep response in Figures 4 shows that µ s ≪ η s . In this limit, the material description of the interface reduces to a linear Maxwell model (µ s → 0 in Figure 2 and Equations 6-13). This considerably simplifies the evaluation of the linear viscoelastic interfacial moduli and shows that for small strains at least, the interfacial protein layer is modeled well by the simplest linear viscoelastic model.
Interfacial creep experiments have been discussed in a number of studies in the past 7,46-49 . However, none of these studies reports the distinct periodic oscillations seen during creep ringing. As mentioned before, to observe creep ringing, we require G s > G critical = A 2 α s (1 + µ s /η s ). From this expression, we see that a high interfacial elastic modulus, combined with a low instrument inertia increases the the possibility of visible creep ringing. The double wall ring used in this study has a lower moment of inertia compared to bulk geometries like a cone-and-plate. Also, the interfacial layer formed by BSA is stiff and elastic. These two factors in conjunction are responsible for the manifestation of the creep ringing response described in the present study.
Protein-Surfactant Mixtures
The bulk shear viscosity of protein-surfactant (BSApolysorbate 80) solutions measured using the microfluidic rheometer is shown in Figure 8a for 50 mg/ml BSA solutions with different concentrations of added surfactant. The behavior of the protein-surfactant mixtures is Newtonian to shear rates as high asγ = 10 4 s −1 . Further, for the dilute concentrations of the non-ionic surfactant used in this study, the measured shear viscosity of the mixtures is nearly indistinguishable from surfactant-free BSA. We have described earlier (see Figure 1 , and Sharma et al. 20 ) how surfactant-free BSA solutions can show yield-like behavior in measurements carried out on standard torsional rheometers due to the formation of a viscoelastic film at the air-water interface. The microfluidic rheometer, on the other hand, measures the true shear viscosity of these solutions in the absence of any airliquid interfaces. Consequently, the apparent shear thinning measured in the double gap Couette geometry (Figure 1) is not observed in the results presented in Figure 8a . The range of accessible shear rates in the microfluidic channel is dependent on the geometry of the channel as well as the dynamic range of the pressure transducers 37 . The black lines in Figure 8a show the operating window of the VROC device used in this study. The dependence of bulk viscosity on concentration for these dilute protein-surfactant solutions is governed by Einstein's expression for suspension viscosity 50, 51 and for the dilute concentrations of surfactant used here, the mixed solution viscosity is only slightly higher than the surfactantfree solution. This concentration-dependent viscosity can be modeled using a charged suspension model as discussed in our previous contribution 20 .
On the other hand, the interfacial viscosity measured using the DWR fixture for different surfactant-protein mixtures is so low that it is indistinguishable from the instrument noise floor, as shown in Figure 8b . The black dashed line shows the minimum shear stress that can be measured by the instrument for the particular case of the DWR fixture. We find this minimum measurable stress value to be approximately a factor of ten greater than the minimum resolvable torque increment T stated stated by the manufacturer (T stated = 10 −8 N m). It is clear from Figure 8b that forγ ≤ 3 s −1 , the measured interfacial stress of the BSA-surfactant mixtures is in the range of the noise floor of the instrument, indicating that the addition of surfactant markedly decreases the viscosity of interfacial viscoelastic layer.
Grigoriev et al. 26 report that for the surfactant concentration ranges used in this study, the interfacial viscosity of Tween 80 TM is η s = 10 −5 Pa s m. Computing the stress from this value of viscosity and comparing it with the minimum stress Fig. 8 (a) Steady shear viscosity of 50 mg/ml BSA solutions with different concentrations of added surfactant measured in the interface-free microfluidic rheometer. The addition of surfactant at these concentrations makes no noticeable difference to the shear rheology of the BSA solutions in the absence of interfacial effects. (b) Interfacial steady shear viscosity measurements on 50 mg/ml BSA solutions containing different concentrations of added surfactants. The black dashed line shows the measurement limit of the instrument, and anything below this limit is indistinguishable from the noise floor. All solutions exhibit a power-law dependence of interfacial stress τ s on strain rateγ, with τ s ∼γ 1.5 . This power law arises from an inertial artifact. Also shown, in hollow symbols, is the interfacial viscosity of a thin layer of Cannon N1000 Newtonian calibration oil on water. As expected for Newtonian liquids, τ s ∼γ. limit shown in Figure 8b , it is clear that this interfacial viscosity is too small to be measured by the DWR used in this study forγ < 1 s −1 . At higher shear rates, an interfacial torque contribution from the polysorbate surfactant should be measurable, but additional contributions from inertial effects in the sub-phase become increasingly dominant. It can be seen from Figure 8b that at higher shear rates the measured shear stress for all of the surfactant-BSA mixtures superpose and all follow a power law of the form τ s ∼γ 1.5 . The fact that the curves remain unchanged by the relatively large variation in surfactant concentration (0.01 wt.%-2 wt.%) strongly suggests that this pronounced power law response arises from an inertiallyinduced secondary flow of Taylor-Dean type in the sub-phase (similar power-law corrections for fluid inertia are observed in cylindrical geometries on conventional bulk rheometers 52 ). We can define an appropriate Reynolds number for the flow induced by the DWR fixture to be Re s = ρRγa/F γ µ sub where ρ is the density of the sub-phase, R is the radius of the ring, a is the thickness of the ring, and µ sub is the dynamic viscosity of the (Newtonian) sub-phase. Using this definition for the Reynolds number, we find that for all the protein-surfactant mixtures, as well as the pure buffer (PBS) that Re s is greater than unity and secondary flows should be expected. A detailed computation of the resulting toroidal flow in the sub-phase is beyond the scope of this paper but the resulting inertial contribution to the interfacial stress can be extracted from the data in Figure 8b and is described by the empirical relationship τ s = 1.04 × 10 −6γ 1.5 (with stress in Pa m and shear rate in s −1 ).
Also shown for comparison in this figure (hollow circles) is the interfacial shear stress as a function of shear rate for an ideal Newtonian viscous interface; which can be realized by floating a thin layer of Newtonian calibration oil (N1000, Cannon Instrument Company) carefully atop the PBS sub-phase. For this viscous interface, we achieve the desired condition of Bo s ≫ 1 and the inertial contribution from the sub-phase to the torque is now negligible so that the measured stress increases linearly with imposed shear rate, as expected for a viscous Newtonian interface in the absence of inertial corrections. Baravian and Quemada have emphasized that the periodic oscillations seen at short times in creep experiments 40 performed on a controlled-stress rheometer necessarily imply the presence of elasticity whereas purely viscous materials do not give rise to creep ringing. We emphasize that the same holds true for interfacial creep-ringing experiments as well and oscillations are visible if, and only if, substantial interfacial elasticity is present and the system is under-damped, as described in the previous section.
This observation is underscored by the data presented in Figure 9 , which shows creep experiments performed on solutions of 50 mg/ml BSA with different concentrations of added surfactant. For the two highest concentrations of sur- factant (c surf = 10 −2 wt.% and c surf = 10 −3 wt.%), creep ringing is completely suppressed indicating that the interface between the air and the aqueous sub-phase does not exhibit any measurable elasticity. The strain response is exactly that of a purely inertial system and is described by the expression γ(t) = (τ s 0 b s /2I)t 2 + O t 3 . The quadratic fit to the short time response of surfactant-free 50 mg/ml BSA shown earlier in Figure 3 is re-plotted here as a blue dashed line. Since the strain at short times is independent of the interfacial rheology, the quadratic fit from Figure 3 is unchanged, and accurately describes the data shown in Figure 9 for c surf = 10 −2 wt.% and c surf = 10 −3 wt.%.
Creep ringing is visible for the lower surfactant concentrations of c surf = 10 −4 wt.% and c surf = 10 −5 wt.%. It is evident that the change in surface viscoelastic properties happens very rapidly over a narrow surfactant concentration range (10 −4 < c surf < 10 −3 wt.%). As before, we can estimate the values of the interfacial storage and loss moduli for the dif- surements due to the temporal dynamics that arise from the competitive adsorption of the two surface-active species. The elapsed time between the loading of the sample and the initiation of the interfacial SAOS tests shown in Figure 10 is less than a minute in each case. For the protein-surfactant mixtures, similar steady state values were reached in successive measurements, but the transient approach to the steady state shows substantial variation in each test. Nonetheless, the value of the storage modulus estimated from the creep ringing in Figure 9 The absence of creep ringing and markedly diminished interfacial viscoelasticity of the BSA/Polysorbate 80 mixtures shows that the addition of surfactant disrupts the structure formed by this globular protein at the interface. When proteins adsorb at the air/water interface, in addition to conformational intramolecular changes within the proteins 11, 53, 54 the intermolecular protein-protein interactions result in a twodimensional network structure formation beyond a certain critical concentration 6 . The viscoelasticity of the interfacial layers manifested in creep ringing and SAOS experiments discussed here (Figures 3-7) is a measure of the response of the microstructure thus formed to imposed deformations. The surface topography and the location and distribution of the hydrophobic and hydrophilic moieties determine the amphiphilic character of a protein and consequently its surface activity 6, 11 . Due to conformational constraints and improper packing, optimal orientation of these hydrophobic and hydrophilic groups at the interface is sometimes prevented and proteins do not reduce the interfacial tension as dramatically as low molecular weight surfactants which can align and organize themselves at the interface more rapidly and optimally 6, 10, 11 . However the presence of proteins imparts a substantially higher interfacial elasticity and viscosity than the corresponding low molecular weight surfactants. The higher interfacial viscoelasticity of the surfactant-free BSA solutions is seen in both interfacial measurements as well as in the apparent yielding behavior in bulk measurements.
The addition of surfactants can modify the microstructure, equilibrium and dynamic adsorption values, and the rheological characteristics of interfacial layers 3, 10, 11, 55 and the interfacial properties of the mixed protein/surfactant system are also quite different from the bulk. Studies of the microstructure at the interface using Brewster Angle Microscopy or Fluorescence Microscopy [56] [57] [58] or by evaluating local dynamics using micro-rheology reveal the presence of considerable interfacial phase separation with localized surfactant-rich and protein-rich regions 3, 4, 36 . Several studies show that the interconnected interfacial network formed by globular proteins can be disrupted by the addition of surfactants through "orogenic displacement" as discussed in a recent review by Morris and Gunning 59 . The surfactant molecules that adsorb at the pre-existing protein interface begin to self-assemble into small domains, that grow in size with time and eventually disrupt the protein network. The two-dimensional microstructure created at the air-liquid interface evolves as phase separation or orogenic displacement occurs and additional conformational changes slowly take place within the protein 59 . Such observations can be combined with temporal measurements such as those shown in Figure 10 ) to understand and correlate these 1-14 | 11 observations with the changes that occur at the scale of the individual domains in the interfacial layer. Even if the bulk concentrations of the surfactants and proteins are quite low, the species at the interface are close-packed, and independent measures of interfacial concentrations are required to correlate our reported experimental response to theoretical models, and will be necessary to understand the interfacial rheology of mixed systems.
The apparent bulk yield stress of the BSA solutions is also influenced by the addition of low molecular weight surfactants. The bulk viscosity of 50 mg/ml BSA solutions with different concentrations of added surfactant, is shown in Figure 11 . The dashed line estimates the minimum measurable viscosity for the combination of the double gap Couette geometry and the controlled stress rheometer used in this study. The relationship between the minimum measurable viscosity and minimum shear rate is calculated in the same way as outlined previously, with the same value of T min = 10 −7 N m. With the addition of even a relatively small amount of polysorbate 80 (c surf = 10 −5 wt.%) to the 50 mg/ml BSA solution, the apparent bulk yield stress is lowered considerably and, for higher concentrations of surfactant, the shear thinning and the apparent yielding are nearly eliminated entirely. Again, this indicates that the mobile surfactant molecules compete with the BSA molecules for adsorption at the interface. Essentially, the second term in Equation 1 becomes negligible in comparison with the bulk viscosity term, and therefore the reported viscosity is simply the rate-independent sub-phase viscosity η ∞ .
Grigoriev et al. 26 characterized the surface tension, thickness, refractive index and interfacial viscosity of mixed adsorbed layers of BSA/Tween 80 TM , for 10 −7 M BSA (≈ 6.7 × 10 −3 mg/ml or ≈ 0.67 × 10 − 3 wt.%) and varying surfactant concentrations. They determined that above surfactant concentration of 5 × 10 −6 M Tween 80 TM (≈ 6.6 × 10 −3 mg/ml), the network structure formed by BSA at the interface is completely disrupted, and the resulting interfacial properties are quite similar to the properties of an interface comprising of pure Tween 80 TM . It must be noted that the average value of critical micelle concentration (CMC) estimated by Grigoriev et al. (based on their measurements and literature values) is 2 × 10 −5 M 26 . A wide range of surfactant properties like viscosity, conductivity, surface tension, osmotic pressure, etc. show a clear transition above the CMC, and similarly for concentrations above the CMC, the effect of added surfactant dominates the interfacial properties 32 . We also find that the steep drop in interfacial elasticity as a function of surfactant concentration (as documented through the creep ringing experiments pursued in the present study, cf. Figure 9 ) corresponds to a surfactant concentration (c surf ≈ 10 −3 wt.%) that is close to the CMC values reported for Tween 80 TM by Grigoriev et al. However we also note that due to the interaction with other surface-active species, both in the bulk and at the surface, the critical concentration above which surfactant properties dominate the interfacial behavior of the mixture can be above or below the CMC 26, 32 .
The reduction in the apparent yield-like behavior on adding surfactant to the bovine serum albumin solutions indicates that the network structure formed by BSA molecules adsorbed at the liquid-air interface is progressively disrupted by the addition of the surfactant. A similar reduction in bulk viscosity has been observed by Patapoff and Esue 24 . Surfactants, due to their simpler structure and smaller size, are effectively more surface active than proteins, and this is revealed in the studies of adsorption isotherms as well as adsorption kinetics of surfactants in the mixed systems 6, 32 .
Conclusions
In this paper, we have first demonstrated for the DWR fixture how the viscoelasticity of a protein interface, coupled with the finite instrument inertia of a controlled-stress instrument, can result in a damped sinusoidal strain response during interfacial creep experiments. Interfacial creep-ringing in two dimensions is shown to be analogous to its bulk counterpart, and analysis of the data presented here indicates that this free oscillatory motion can provide a quick and accurate measurement of the interfacial viscoelastic moduli. Moreover, this technique is especially useful in extending the range of frequencies at which measurements can be performed, and measurement points where inertial effects would ordinarily overwhelm data analysis in regular frequency/strain sweeps can be accessed.
Since interfacial creep-ringing is inherently connected with the presence of an interfacial viscoelastic layer, the creepringing technique provides an easy way of assessing the effect of adding different concentrations of surfactants to a globular protein solution such as BSA. For concentrations of c surf = 10 −2 wt.% and c surf = 10 −3 wt.%, all visible creep ringing was found to be completely eliminated. This over-damped response indicates that the mobile surfactant molecules compete with the protein molecules for adsorption at the interface and are preferentially adsorbed. Since the low molecular weight surfactant is purely viscous and lacks measurable elasticity, no interfacial ringing is visible. We also noted from the creepringing experiments that the change in magnitude of viscoelastic moduli is a very sharp function of surfactant concentration over a narrow concentration range, indicating that there is not only displacement of the protein from the interface, but also disruption of the network structure formed between the protein molecules at the interface above a certain critical concentration. This is in accordance with other recent findings in literature 27, 60 which have reported a sharp reduction of surface shear viscosity, even though a considerable amount of protein remains adsorbed at the interface. The drop in viscoelastic moduli is likely to be a combination of displacement of protein molecules at the interface, as well as the disruption of the inter-molecular network structure formed by the partiallyunfolded protein molecules that form the interfacial layer 5 .
For lower concentrations of surfactant, interfacial creepringing is still observed and an estimate of the progressive reduction in the storage and loss modulus can be made using the procedures described in this paper. The complex transient response in measurements of the effective interfacial properties involving surfactant-protein mixtures reported by earlier researchers was also encountered in this study. The irreversibility of the adsorption, the presence of heterogeneous domains at the interface and the sensitivity of the structure of the interfacial layer to the adsorption history add to the complications involved in interfacial rheology measurements 3, 4, 31 . The DWR ring fixture provides a method for readily extracting an overall or effective viscoelastic property of the interface as it evolves. Microrheological techniques combined with Brewster angle microscopy will be needed to probe additional properties of these individual domains 61 .
We note that even a relatively small amount of the polysorbate surfactant (c surf ≥ 10 −5 wt.%) suppresses the apparent bulk yield stress and shear thinning exhibited by surfactantfree BSA solutions, further emphasizing the profound influence that the interface can have on bulk rheometry. This ob-servation provides further support for the conclusions of our previous study 20 , that the apparent bulk yield stress exhibited by globular protein solutions in steady shear experiments on a torsional rheometer arises due to interfacial adsorption, and not out of long-ranging weak colloidal structures as some other studies have suggested 15, 17, 22 .
The interfacial rheological properties of proteins and surfactant mixtures are often studied using different techniques to quantify the viscosity and elasticity of the interfacial layer, as these affect properties like foam and emulsion stability or mass transfer between fluids 2,4,6 . But the actual use and processing of food products, physiological fluids like blood 62 , saliva 23 , synovial fluid and their synthetic replacements 19 , cosmetics 47, 63 , etc. requires an understanding of both their bulk and interfacial viscoelasticity. Such studies are often pursued independently of each other, but in this contribution, we show that the apparent bulk rheological response can itself change if surface-active molecules form a strong viscoelastic interfacial layer at the liquid-air interface. In this case, the extra stress contribution to the effective bulk properties originates from the stiff interfacial network formed by closepacked protein molecules. Indeed, solutions of bovine serum albumin, ovalbumins and other globular proteins 15, 17, 18, 22 , acacia gum 25 , and monoclonal antibodies 24 are all examples of strong interfacial networks because their bulk rheological response measured on conventional torsional rheometers shows an apparent yield stress due to contribution of this adsorbed protein layer. While the quantitative decomposition of the interfacial and sub-phase contributions can be carried out using the additive model proposed by Sharma et al. 20 , in practice, the interfacial contribution can be minimized by adding low molecular weight mobile surfactants to these protein solutions. As we have shown in the present study, the concentration of non-ionic surfactant required to suppress protein adsorption and network formation at the interface is often so small that it does not affect the bulk properties of the original protein solution, at least in the present polysorbate-BSA system. Creep experiments with the interfacial DWR fixture, coupled with the creep ringing technique described above, provides a simple and rapid way of quantifying the pronounced changes in the protein/surfactant network structure formed at the liquid-air interface.
